This study presents a methodology for including weather factors when simulating radon levels inside a dwelling using the CONTAM modelling software. The main purpose is the development of a reliable tool for assessing the various factors that affect radon concentrations, which would increase the possibility of improving indoor air quality. Indoor radon concentrations and weather data collected over six months are presented together with simulation results and compared both qualitatively and quantitatively. The methodology described should assist in simulating more realistic indoor radon concentration variations over a period of several months that can afterwards be used when designing homes with radon mitigation features.
Introduction

Radon (
222 Rn) is a radioactive gas produced in the uranium decay chain. Naturally occurring uranium can be found in soils and rocks such as granite, shale, phosphate and pitchblende. Uranium breaks down into radium, which then decays into radon. In its gaseous form, it can easily move up through the soil and into the atmosphere. It is an odourless gas and therefore impossible to detect without special equipment. Due to its radioactive nature, it represents the second leading cause of lung cancer, after smoking. 1 Radon generation and transport are very complex processes whose interplay cannot be easily quantified or controlled, such as emanation, diffusion, advection, absorption and adsorption. 2 There are too many variables that need to be accounted for; however, multizone indoor air quality and ventilation analysis computer programs such as CONTAM are able to provide valid results. 3 As noted in previous studies, several observations related to factors influencing radon concentrations can be taken into account when analysing or mitigating radon problems in the home. 4 One important factor is that the shorter the test duration, the greater the chance of a weather-compromised test result; 5 therefore, radon measurements and simulation should be carried out over a long period of time and combined with closely following weather factors. Of the weather factors, it has been noted that declining barometric pressures are associated with increases in radon influx 6 and lower radon concentrations correlate with small differences between indoor and outdoor temperatures.
Radon is soluble in water and dissolves into groundwater and can be transported some way from the source; 7 therefore, radon levels are higher during torrential rain. The wind also influences radon levels; 8 when it hits a home, it will either create a more positive indoor pressure that pushes the radon out or a negative indoor pressure that sucks more radon in. Finally, seasonal variations have a great impact on radon levels, 9 which are typically higher during the winter months because heating systems pull air up and out of the home. When the ground is frozen, it creates a blanket effect that can trap radon in the soil around the house, which increases the amount of radon entering the home. 10, 11 The present study represents the continuation of two previous publications. 12, 13 The first paper 12 investigated the indoor radon variations in two similar dwellings, one occupied by a single person and the other unoccupied, from the same residential building in Madrid. It showed that the radon level was slightly higher in the unoccupied dwelling than in the occupied one. From the analysis of recorded radon levels, it was found that a specific seasonal pattern existed in the indoor radon concentration. The second paper 13 presented a methodology for estimating radon levels inside the same dwellings as in the first study, using the CONTAM modelling software, with the main purpose of improving the indoor air quality by optimizing the mechanical ventilation. The generation rate of indoor radon sources was investigated in relation to the total surface of each room and compared with previous measurements. The weather factors were considered constant and dwellings were unoccupied.
The following recent studies have aimed at establishing terrain, geology and weather condition impact on radon concentration and the impact on human population in limited regions: Kowary, Poland 14 ; Ulju County, Korea 15 ; Kermanshah, Iran 16 ; Beijing, China. 17 Increased lung cancer occurrence in residents of Kowary, Poland, may be associated with increased concentrations of radon. 14 The authors noticed an interdependence between increased atmospheric radon concentration and uranium content in soil, Kowary being situated near a spoil tip formed during uranium mining. High concentrations of radon are correlated with the presence of geological factors such as biotite granite. 15 The indoor radon concentration increases with soil porosity. 16 There are two main species of radon discharging from soil in active fault zones, including radon diffused and dispersed from permeable soil and upwelling from faults. 17 The weather effects could play a significant part in dispersing radon, with a great impact on human health. The study concludes that appropriate protective measures should be put in place to protect inhabitants in buildings along the faults from emitted radon, and that the release of radon in the active fault zones should be assessed to determine possible risks.
A first systematic attempt to model air pollutants of noteworthy interest for human health using CONTAM, among which was 222 Rn. This provided promising results but did not account for weather variations. 18 The results indicated that the health burden from the investigated air pollutants varies, depending mainly on the generation rate and the duration for which an occupant inhales a certain pollutant. The doses calculated using CONTAM were found to depend on six partial parameters, among them the weather parameters, the indoor design of the zones of the dwelling, the location of the source of pollution and the size of the openings of the dwelling. The authors concluded that future work should extend the investigation to different scenarios of heating and pollutant transfer paths.
The aim of the present article is to develop a methodology for including weather factors when simulating radon levels inside a dwelling using the CONTAM modelling software, 19 with the main purpose of developing a reliable tool for assessing the various factors that affect radon concentrations and improve indoor air quality. Correlations between weather factors and radon concentrations, both measured and simulated, were analysed and discussed in this article.
Methodology
Modelling weather using the CONTAM software
This article shows the influence of weather factors on radon concentrations within two similar dwellings assessed by a multizone modelling software for airflow and contaminant transport. The software used is CONTAM version 3.2, 19 developed by the National Institute of Standards and Technology (NIST); the first version was released in the year 2000. 20 The modelling used for the simulated dwellings is identical to the one described in the aforementioned study. 13 The only difference being the modelling chosen for the windows: from a one-way flow using power law to a two-way flow. This was done in order to account better for wind effects; otherwise, the wind would have a negligible impact on the indoor radon concentrations.
This section describes in detail the methods employed for modelling weather data in CONTAM for extracting more realistic 222 Rn concentrations in the simulated dwellings. The flowchart shown in Figure 1 summarizes the steps required for the present simulation.
The parameters defining the outdoor weather conditions are defined through so-called 'ambient files'. Ambient files include weather (WTH extension), contaminant (CTM extension) and wind pressure and contaminant files (WPC extension). NIST has developed a software tool 21 that allows any user to convert existing weather files to CONTAM 2.0 compatible weather files and also to output weather file templates that can be filled with measurements of weather data. A CONTAM weather file template was created for cases when the user has custom data to use in the weather file. A CONTAM weather file template is similar to a weather file in terms of format, but without the actual data. The user is required to fill the file with their own data using any spreadsheet editing program.
Ambient files may contain up to a year's worth of data and are used when performing transient simulations. They are ASCII files, but the formats are unique to CONTAM.
14 Ambient weather conditions that impact building airflows as determined by CONTAM include temperature (K), barometric pressure (Pa, not corrected to sea level), wind speed (m/s), wind direction ( ) and ambient humidity ratio (grams of H 2 O per kg of dry air). For steady-state airflow analysis, these userdefined values can be provided via the user interface.
In order to convert wind speeds (v) into pressures (P) on the exterior facade of a building being analysed, wind pressure coefficients (C) are required. These dimensionless coefficients are related to the wind pressure on the exterior facade by equation (1)
The most reliable means of determining the value of C for a given building are through on-site measurements or wind tunnel studies. However, these studies can be expensive and unsuitable for generic buildings. Based on a number of field and wind tunnel studies, wind pressure data and coefficients are available. 22 The wind pressure profile, representing a list of such wind pressure coefficients, corresponding to the angle between the wind direction and the building wall can be provided in CONTAM through the WINPRS.LB2 library. 23 The present simulations use the profile 'TallRoof-1', corresponding to a tall building with a length/width ratio of 1.
Measurements
Outdoor and indoor data were recorded every 3 h for a total period of six months between May and November The survey was performed in a new building that consisted of three floors above ground and two below. The building is located in a radon-prone area, which was identified, in part, from the information given by MARNA (an acronym of 'MApa de Radiaci on gamma NAtural') 24 and 'Radon Project 10 Â 10'. 25 The second map divides Spain into 10 Â 10 km 2 cells. Each cell has an average radon concentration based on indoor measurements. The building is located in cell M41. To give an idea of order of The indoor radon measurements that were previously reported 12 were carried out with Sarad Radon Detectors. Radon monitors have a sensor to measure barometric pressure in addition to the temperature and humidity sensing elements. The average radon Note: A Vantage Pro Weather Station was used to record outdoor temperature, barometric pressure, wind speed and ambient humidity. These measurements are shown in Figure 3 . The CONTAM weather template creator 21 was used and the outdoor data were formatted according to the user guide. concentration recorded in the present survey, indicated in Figure 2 , corresponds to the region with the highest frequency (60-80 Bq/m 3 ) in the distribution plot shown in Figure 2 .
Under the K€ oppen climate classification, Madrid has a Csa climate, which is characterized by a dry summer and the coldest month averaging above 0 C. 26 The following table summarizes Madrid's typical monthly climate at an official meteorological station located in the city. Data were obtained 27 using the reference period 1981-2010.
Results and discussion
The factors displayed in Figure 3 that had the most significant impacts on the radon concentrations were the wind speed and wind direction, followed by temperature (roughly a factor 10 weaker impact compared to the wind) and barometric pressure (an even lower impact than the variation induced by temperature). When varying solely the ambient humidity, the simulated radon concentrations remained constant, meaning that CONTAM does not consider the humidity variation in the airflow modelling. Figure 4 shows the comparison between the 72-h moving average of the simulated radon concentrations and the measurements, for a period of six months (from 12 May 2014 to 11 November 2014) for both dwellings (A and B). Moving average charts were used to smooth the data enough to reduce fluctuations so that the underlying trends are more apparent. All the weather factors mentioned above were taken into consideration. The Pearson (product-moment) correlation coefficient, 28 usually represented by the symbol 'r', is a measure of the linear correlation between two variables. It can have a value from -1 to 1, showing correlation (>0) and anti-correlation (<0) between the different variables under analysis. It is also commonly used when evaluating the different factors that influence radon concentrations. [29] [30] [31] The correlation strength can be assessed using the following generally established guidelines: The values [29] [30] [31] for the Pearson correlation coefficients corresponding to significant correlations are above 0.7 -therefore in the case of the present results, we cannot state any clear correlation between simulation and measurement. However, considering the mean values of the radon concentrations and standard deviations, shown in Table 2 , the agreement is remarkable considering the number of factors involved in the simulation. The measured values are slightly lower than the simulated ones and the relative standard deviations are higher, suggesting that other factors that were not taken into account (e.g. precipitation, occupancy schedules) could be responsible for the larger variation of the measured values.
A downward trend in the radon concentrations in both measurement and simulation can be seen starting in October and November, when temperatures tend to drop. Analysing the evolution through the autumn period could bring an even better insight into the factors that influence radon concentrations. Standard meteorological values are provided in Table 1 to give an idea of the order of their magnitude. This observation prompts increased motivation for a more thorough study of radon concentrations and comparisons, with simulations following the methodology described in the present article for a full year and possibly including more dwellings in different buildings.
The Pearson correlation is only capable of detecting linear associations, so it is possible to have a pair of variables with a strong non-linear relationship and a small Pearson correlation coefficient. Therefore, scatterplots are mandatory for identifying if there are non-linear correlations. Figure 5 shows the correlation plots between the simulated and measured indoor radon concentrations. A perfect correlation is represented by the red dotted line, which is the f x ð Þ ¼ x function. There is no indication of non-linear correlations, and the present simulated data show a reasonable agreement with measurements. However, there is room for improvement, considering that the mean squared error (MSE) has a value of 160 and 86 for dwellings A (occupied) and B (unoccupied), respectively. The occupation of a dwelling could significantly impact the airflow, due to the opening of doors and windows. The present simulations did not take into account of such actions, considering all the doors and windows were closed. The agreement may also improve if a future simulation takes rain into account as a weather factor. 7 This is not yet possible in the present version of CONTAM. 19 The correlations between different weather factors and radon concentrations were analysed qualitatively as colour-coded plots, shown in Figure 6 . Barometric pressure, temperature, temperature difference between indoors and outdoors and wind speed are indicated in colour for each point corresponding to a measured vs. simulated value. It can be clearly seen that low/high barometric pressure, outdoor temperature or indooroutdoor temperature difference correlate with low/high radon concentrations, and these observations are reflected in both simulated and measured datasets. In the particular case of the two dwellings situated on the first floor, the influence of barometric pressure can be explained in a simple manner: the airflow is directed towards the region of low pressure and therefore pulls indoor radon outside. The influence of temperature is more complex and cannot be explained in a similar manner, as it is highly dependent on the soil type and building architecture. 7, 9 In the case of wind speed, there is no clear relationship we can extract from the present data between high or low wind speeds and radon concentrations.
Conclusions
The present study has shown a good agreement between simulated and measured values of radon concentrations for two different dwellings in the same building when including weather factors such as outdoor temperature, barometric pressure, wind speed and wind direction. In the case of dwellings A (occupied) and B (unoccupied), the anthropogenic factors, such as opening windows and using the air conditioning system or the heat pumping system, did not seem to affect the periodic behaviour of radon. In the present study, the comparison between average simulated radon levels, considering unoccupied dwellings and measurements has also shown minimal differences, supporting the idea that the main variations of indoor radon levels are due to meteorological factors.
A clear correlation was established between low/ high barometric pressure, outdoor temperature or indoor-outdoor temperature difference and low/high radon concentrations, with these observations reflected in both simulated and measured datasets.
The methodology used for performing the simulations using CONTAM was presented in such a way that future studies can reproduce similar results for different dwellings and for longer periods of time. The present study's results suggest that other weather factors such as rain or building occupation, ventilation and heating schedules should be measured or determined in order to obtain more precise and realistic simulations that could assist in optimizing the indoor air quality of dwellings.
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